A stereoselective synthesis of the nonnatural enantiomers of the fungal metabolites communiols A-C is reported. A stereochemical misassignment has been corrected and the absolute configurations of the natural products have been unambiguously established.
The communiols A-H 1-8 ( Figure 1 ) constitute a group of eight polyketide metabolites very recently isolated from a strain of the coprophilous fungus Podospora communis (Speg.) Niessl. [1] . Except for 7, these molecules are characterized by containing at least one tetrahydrofuran ring in their structures, a feature present in many bioactive metabolites such as lignans [2] and annonaceous acetogenins [3] . Some of the communiols exhibit antibacterial activity against strains of Staphylococcus aureus and Bacillus subtilis [1] . In the frame of our ongoing research program aimed at syntheses of bioactive natural products, we decided to undertake the stereoselective preparation of these molecules. Our targets have now been communiols A-C, which exhibit the putative structures 1-3.
Within our idea of designing an efficient and convergent synthetic plan for these metabolites, we envisaged the stereoselective build-up of the tetrahydrofuran ring as the first structural feature to be created. There are many synthetic methods for the preparation of polysubstituted tetrahydrofuran systems [4] . Our retrosynthetic concept is shown in Scheme 1 [5] . Compounds 1-3 are retrosynthetically related to tetrahydrofuran 9, to be obtained by means of a two-step reduction of lactone 10, prepared in turn through stereoselective allylation of the known compound 11 [6] .
Scheme 2 depicts the details of our synthesis. Lactone 11 has been previously prepared in four steps from L-glutamic acid [6] but we have obtained it in two steps from the known unsaturated ester 12 [7] . Sharpless dihydroxylation [8] of the latter gave the expected γ,δ-dihydroxy ester, which then spontaneously cyclized to 11. Protection as the TBS (t-butyldimethylsilyl) derivative was followed by α-allylation via the lithium enolate [9] . The reaction took place with a very good stereoselectivity and provided lactone 10 as a 92:8 diastereomeric mixture (83% yield of 10 after chromatographic separation). Reduction of 10 to tetrahydrofuran 9 was performed using a two-step procedure [10] via the intermediate lactol. Oxidative cleavage of the olefinic bond in 9 was performed via an osmylation-periodate cleavage [11] and gave an intermediate aldehyde which, without purification, was oxidized [12] to acid 14. Subsequent desilylation of the latter compound gave 3, which has the structure reported for communiol C. However, the physical and spectral properties of the synthetic compound 3 (see Experimental) turned out to be different from those reported for communiol C [1a] . After a careful examination of the published spectral data, we wondered whether the relative configuration reported for the oxygenated carbon atoms C-5 and C-6 might be wrong. Thus, acid 14 was methylated and desilylated to hydroxy ester 16, which was subjected to hydroxyl inversion with the aid of the Mitsunobu reaction [13]. The resulting ester was then saponified to acid 17, which proved identical with communiol C in all spectral properties, except its specific optical rotation. Scheme 1: Retrosynthetic analysis of communiols A-C.
It thus follows that the stereostructure of communiol C had not been correctly assigned as regards the hydroxyl-bearing side-chain. In view of this fact, we assumed that the same configurational misassignment was also present in all other members of the series. Accordingly, our initial synthetic plan was modified. Scheme 3 shows the reactions which led eventually to the preparation of communiols A and B. The same intermediate aldehyde previously obtained from 9 was now subjected to a Horner-WadsworthEmmons olefination under mild conditions [14] . This provided conjugated ester 18, which was desilylated to hydroxy ester 19. Mitsunobu inversion of the hydroxyl group in the latter, followed by selective saponification of the p-nitrobenzoate afforded 20. Subsequent saponification of the ethyl ester residue [15] [17] .
At concentration values similar to those used in the original publication [1a] , the optical rotations of synthetic hydroxy acids 21 and 22 are opposite in sign to those of the natural compounds, even if the absolute numerical values are appreciably different. Assuming that the reported optical rotation values and signs of natural communiols A and B [1a] are reliable at such dilute concentrations, we may conclude that synthetic compounds 21 and 22 are the enantiomers of these naturally occurring metabolites ( Figure 2 ). The case of communiol C is special, as the negative sign of the optical rotation is the same in both the natural and the synthetic compound. However, the NMR spectra of the natural sample, kindly sent by Prof. Gloer, shows visible amounts of an impurity which is, in all likelihood, communiol B. In view of the fact that the negative optical rotation of the latter is much higher in its absolute value than that of communiol C (assumedly positive), it is likely that this impurity has affected the measured value of the optical rotation of communiol C, even to the point of changing the sign. Since it is not logical from the biosynthetic point of view that communiol C belongs to a different stereochemical series than the other members of the group, we may safely conclude that the latter compound has the absolute configuration depicted in Figure 2 . In summary, we have performed a stereoselective synthesis of the nonnatural enantiomers of the fungal metabolites communiols A-C. Furthermore, we have corrected a misassignment in the reported relative stereostructures of these natural compounds and, as well, determined their absolute configurations [5] .
Experimental

General:
1 H/ 13 C NMR spectra were measured at 500/125 MHz in CDCl 3 solution at 25°C. The signals of the deuterated solvent (CDCl 3 ) were taken as the reference (the singlet at δ 7.25 for 1 H NMR and the triplet centered at 77.00 ppm for 13 C NMR data). Carbon atom types (C, CH, CH 2 , CH 3 ) were determined with the DEPT pulse sequence. Highresolution mass spectra were run by the electron impact mode (HR-EIMS, 70 eV) or with the fast atom bombardment mode (FABMS, m-nitrobenzyl alcohol matrix) on a VG AutoSpec mass spectrometer. Optical rotations were measured at 25°C. Reactions which required an inert atmosphere were carried out under N 2 with flame-dried glassware. Et 2 O and THF were freshly distilled from sodium/benzophenone ketyl and transferred via syringe. Dichloromethane was freshly distilled from CaH 2 . Tertiary amines were freshly distilled from KOH. Commercially available reagents were used as received. Unless detailed otherwise, "work-up" means pouring the reaction mixture into brine, followed by extraction with the solvent indicated in parenthesis. If the reaction medium was acidic (basic), an additional washing with 5% aqueous NaHCO 3 (aqueous NH 4 Cl) was performed. Drying over anhydrous Na 2 SO 4 and elimination of the solvent under reduced pressure were followed by chromatography of the residue on a silica gel column (60-200 μm) with the indicated eluent. Where solutions were filtered through a Celite pad, the pad was additionally washed with the same solvent used, and the washings incorporated to the main organic layer. Reagent acronyms are explained in Scheme 2.
(5S)-5-[(S)-1-Hydroxypropyl]-dihydrofuran-2(3H)-one (11)
Ethyl ester 12 [7] (940 mg, ca. 6 mmol) was dissolved in a mixture of tert-BuOH (30 mL) and water (30 mL). AD-mix-α (8.4 g) was then added at 0ºC. The reaction mixture was then stirred for 18 h at the same temperature. After this time, saturated aqueous Na 2 S 2 O 3 was added (20 mL), with subsequent stirring for 5 min. Work-up (extraction with CH 2 Cl 2 ) and column chromatography on silica gel (hexane-EtOAc, 1:1) afforded lactone 11 (727 mg, 84%) as a colorless oil.
[α] D : +47.8° (c 2, CHCl 3 ). IR (NaCl) ν max : 3440, 2967, 2939, 2120, 1765, 1462, 1193, 981, 925, 812 
(5S)-5-[(S)-1-(tert-Butyldimethylsilyloxy)propyl]-dihydrofuran-2(3H)-one (13)
The lactone 11 (650 mg, ca. 4.5 mmol) was dissolved under N 2 in dry CH 2 Cl 2 (10 mL) and treated sequentially with 2,6-lutidine (0.8 mL, ca. 7 mmol) and TBSOTf (1. 15 mL, 5 mmol (10) Lactone 13 (1.03 g, 4 mmol) was dissolved in dry THF (20 mL) and treated at −78°C under N 2 with LDA (3 mL of a 2 M solution in THF, 6 mmol). The reaction mixture was then stirred for 1 h at −78°C, followed by addition of allyl bromide (0.53 mL, ca. 6.1 mmol). After stirring at −78°C for 1 h, the reaction mixture was worked up (extraction with EtOAc). Column chromatography on silica gel (hexane-Et 2 O, 95:5) yielded pure 10 (991 mg, 83%) as a colorless oil.
(3R,5S)-3-Allyl-5-[(S)-1-(tert-butyldimethylsilyloxy)propyl]-dihydrofuran-2(3H)-one
[α] D : +7.4° (c 2.4, CHCl 3 ). IR (NaCl) ν max : 3080, 2958, 2931, 2857, 1775, 1464, 1255, 1172, 1126, 1004, 836, 776 (9) Lactone 10 (895 mg, 3 mmol) was dissolved in a mixture of dry CH 2 Cl 2 (15 mL) and dry hexane (30 mL) and treated at −78°C under N 2 with DIBAL (3.3 mL of a 1 M solution in hexane, 3.3 mmol). The reaction mixture was then stirred for 15 min at −78°C. After this time, saturated aqueous NH 4 Cl was added (4 mL), with subsequent stirring for 5 min. Work-up (extraction with CH 2 Cl 2 ) and solvent removal in vacuo provided a crude lactol that was employed as such in the following step. It was dissolved in dry CH 2 Cl 2 (15 mL), cooled to −78°C and treated sequentially with CF 3 CO 2 H (1.1 mL, ca. 15 mmol) and Et 3 SiH (4.8 mL, 30 mmol). The reaction mixture was then stirred for 30 min at −40 ºC and worked up (extraction with CH 2 Cl 2 ). Column chromatography of the residue on silica gel (hexaneEtOAc, 8:2) gave 9 (734 mg, 86%) as a colorless oil.
(2S,4R)-4-Allyl-2-[(S)-1-(tert-butyldimethylsilyloxy)propyl]tetrahydrofuran
[α] D : −7.7° (c 0.6, CHCl 3 ). IR (NaCl) ν max : 3079, 2930, 2857, 1642, 1472, 1253, 1109, 1005, 914, 836, 793 (14) Tetrahydrofuran derivative 9 (284 mg, 1 mmol) was dissolved in a mixture of THF (1.2 mL), tert-BuOH (3.5 mL) and water (0.4 mL). Then, NMO (140 mg, 1.2 mmol) and OsO 4 (4% aqueous solution, 0.25 mL, ca. 0.04 mmol) were added. The mixture was then stirred at room temperature for 1.5 h. A solution of NaIO 4 (0.3 g, 1.4 mmol) in water (1.5 mL) was added, and the stirring was continued for 1 h at room temperature. After this time, saturated. aqueous Na 2 SO 3 was added (4 mL), with subsequent stirring for 5 min. Work-up (extraction with CH 2 Cl 2 ) and evaporation in vacuo provided a crude oily aldehyde that was directly used in the oxidation step.
[(3S,5S)-5-[(S)-1-(tert-Butyldimethylsilyloxy) propyl]-tetrahydrofuran-3-yl]-acetic acid
The crude aldehyde from above and 2-methyl-2-butene (5 mL) were dissolved in tert-butanol (10 mL) and treated with a solution of sodium chlorite (680 mg, ca. 7.5 mmol) and NaH 2 PO 4 (0.9 g, ca. 7.5 mmol) in water (10 mL). The reaction mixture was stirred for 3 h at room temperature. Work-up (extraction with EtOAc) and column chromatography on silica gel (hexane-EtOAc, 7:3) afforded acid 14 (212 mg, 70% overall) as a colorless oil. 
[(3S,5S)-5-[(S)-1-Hydroxypropyl)]-tetrahydrofuran-3-yl]-acetic acid (3)
Acid 14 (30 mg, ca. 0.1 mmol) was dissolved in acetonitrile (1 mL) and treated with 48% aqueous HF (62 μL, ca. 1.5 mmol). The resulting solution was stirred for 1 h at room temperature, then neutralized with solid NaHCO 3 (50 mg) filtered and evaporated under reduced pressure. Column chromatography of the oily residue on silica gel (EtOAc-MeOH, 9:1) provided acid 3 (16 mg, 90%) as a colorless oil. (15) Acid 14 (181 mg, 0.6 mmol) was dissolved in ether (2 mL) and treated with an ethereal solution of diazomethane. The mixture was stirred for 5 min. and evaporated in vacuo. Column chromatography of the residue on silica gel (hexane-EtOAc, 9:1) afforded methyl ester 15 (184 mg, 97%) as a colorless oil.
Methyl [(3S,5S)-5-[(S)-1-(tert-Butyldimethylsilyloxy)propyl]-tetrahydrofuran-3-yl]-acetate
[α] D : −2.6° (c 1.3, CHCl 3 ). IR (NaCl) ν max : 2956, 2856, 2136, 1741, 1463, 1437, 1253, 1112, 1006, 836, 775 
Methyl [(3S,5S)-5-[(S)-1-Hydroxypropyl)]-tetrahydrofuran-3-yl]-acetate (16)
Methyl ester 15 (158 mg, 0.5 mmol) was dissolved in acetonitrile (5 mL) and treated with 48% aqueous HF (0.32 mL, ca. 7.5 mmol). The resulting solution was stirred for 1 h at room temperature, then neutralized with solid NaHCO 3 (250 mg), filtered and evaporated under reduced pressure. Column chromatography of the residue on silica gel (hexane-EtOAc, 1:1) provided hydroxy ester 16 (91 mg, 90%) as a colorless oil.
[α] D : −3.0° (c 0.6, CHCl 3 ). IR (NaCl) ν max : 3460 (br), 2960, 1737, 1438, 1170, 1060, 978, 873 [(3S,5S)-5-[(R)-1-Hydroxypropyl)]-tetrahydrofuran-3-yl]-acetic acid (17) Hydroxy ester 16 (81 mg, 0.4 mmol) was dissolved under N 2 in dry THF (5 mL) and treated sequentially with Ph 3 P (630 mg, 2.4 mmol), p-nitrobenzoic acid (0.4 g, 2.4 mmol) and DIAD (0.47 mL, 2.4 mmol). The reaction mixture was then stirred for 2 h at room temperature and worked up (extraction with Et 2 O). The solvent was evaporated in vacuo and the resulting crude diester was directly submitted to saponification. The crude compound from above was dissolved in 2M methanolic NaOH (5 mL). The mixture was stirred for 2 h at room temperature and acidified to pH = 3 by addition of 2M methanolic HCl. The solvent was evaporated under reduced pressure, and the residue was subjected to column chromatography on silica gel (EtOAc-MeOH, 9:1) to yield hydroxy acid 17 (48 mg, 64% overall from 16) as a colorless oil:
IR (NaCl) ν max : 3400-2400 (br), 2967, 1713, 1422, 1266, 1080, 972, 873, 738 cm -1 . 1 H NMR: 0.96 (3H, t, J = 7.5 Hz, H-8); 1.45-1.30 (2H, br m, H-7, H-7´), 1.54 (1H, ddd, J = 12.5, 7.5, 5.8 Hz, H-4), 2.10 (1H, ddd, J = 12.5, 8, 7.5 Hz, H-4´), 2.42 (1H, dd, J = 15.5, 7 Hz, H-2), 2.40 (1H, dd, J = 15.5, 7 Hz, H-2´), 2.63 (1H, br septet, J ≈ 7 Hz, H-3), 3.41 (1H, dd, J = 8. 7, 6.8 Hz, 3.69 (1H, ddd, J = 7.7, 5.2, 3.5 Hz, , 3.90 (1H, td, J = 7.5, 3.5 Hz, H-5), 4.09 (1H, dd, J = 8.7, 6.6 Hz, H-9´) (hydroxyl signals were not detected). 13 C NMR: 10.3 (CH 3 , C-8), 25.7 (CH 2 , C-7), 30.8 (CH 2 , C-4), 35.6 (CH, C-3), 37.3 (CH 2 , C-2), 73.3 (CH 2 , C-9), 73.7 (CH, C-6), 81.3 (CH, C-5), 176.5 (C, C-1). NMR spectra identical to those of an authentic sample of communiol C.
Ethyl (2E)-4-[(3R,5S)-5-[(S)-1-(tert-butyldimethylsilyloxy)propyl]tetrahydrofuran-3-yl)]but-2-enoate (18)
Tetrahydrofuran 9 (400 mg, ca. 1.4 mmol) was subjected to oxidative cleavage as described above for the preparation of 14. The crude intermediate aldehyde was dissolved in dry acetonitrile (15 mL) and treated with EtN i Pr 2 (1.75 mL, 10 mmol), LiCl (0.6 g, ca. 14 mmol) and (EtO) 2 POCH 2 CO 2 Et (2.2 mL, ca. 11 mmol). The reaction mixture was then stirred for 12 h at room temperature and worked up (extraction with Et 2 O). Removal of all volatiles in vacuo and column chromatography of the residue on silica gel (hexane-EtOAc, 9:1) provided ethyl ester 18 (309 mg, 62% overall from 9) as a colorless oil.
[α] D : −5.9° (c 1.1, CHCl 3 ). IR (NaCl) ν max : 2930, 2856, 1723, 1655, 1463, 1255, 1113, 1045, 836, 776 
Ethyl (2E)-4-[(3R,5S)-5-[(S)-1-hydroxypropyl] tetrahydrofuran-3-yl)]but-2-enoate (19)
Ethyl ester 18 (285 mg, 0.8 mmol) was dissolved in acetonitrile (8 mL) and treated with 48% aqueous HF (0.5 mL, 12 mmol). The resulting solution was stirred for 1 h at room temperature, then neutralized with solid NaHCO 3 (400 mg), filtered and evaporated under reduced pressure. Column chromatography on silica gel (hexane-EtOAc, 1:1) furnished hydroxy ester 19 (170 mg, 88%) as a colorless oil.
[α] D : −4.9° (c 1.1, CHCl 3 ). IR (NaCl) ν max : 3470 (br), 2965, 2936, 2876, 1720, 1655, 1464, 1270, 1045, 979 cm -1 . 1 H NMR: 0.88 (3H, t, J = 7.5 Hz), 1.19 (3H, t, J = 7 Hz), 1. m), 1.57 (1H, ddd, J = 12.5, 7.5, 5.4 Hz), 1.78 (1H, ddd, J = 12.5, 8, 7 Hz), 2.20 (2H, m) , 2.30 (1H, br septuplet, J ≈ 7 Hz), 2.60 (1H, br s, OH), 3.23 (1H, ddd, J = 8.3, 6.2, 4 Hz), 3.35 (1H, dd, J = 8.6, 6.2 Hz), 3.75 (1H, ddd, J = 7.5, 7, 6.2 Hz), 3.89 (1H, dd, J = 8.6, 6 .4 Hz), 4.10 (2H, q, J = 7 Hz), 5.76 (1H, dd, J = 15.7, 1.5 Hz), 6.80 (1H, dt, J = 15.7, 7 Hz 
Ethyl (2E)-4-[(3R,5S)-5-[(R)-1-hydroxypropyl] tetrahydrofuran-3-yl)]but-2-enoate (20)
Hydroxy ester 19 (145 mg, 0.6 mmol) was dissolved in dry THF (8 mL) and treated sequentially with Ph 3 P (945 mg, 3.6 mmol), p-nitrobenzoic acid (600 mg, 3.6 mmol) and DIAD (0.71 mL, 3.6 mmol). The reaction mixture was then stirred for 2 h at room temperature and worked up (extraction with Et 2 O). The solvent was evaporated in vacuo and the resulting crude diester was submitted to selective saponification of the p-nitrobenzoate group.
The crude compound from above was dissolved in a mixture of THF (3.5 mL) and water (0.5 mL). Then, LiOH (72 mg, 3 mmol) was added and the mixture was stirred for 2 h at room temperature. Work-up (extraction with EtOAc) and column chromatography on silica gel (hexane-EtOAc, 1:1) afforded hydroxy ester 20 (103 mg, 71% overall for the two steps) as a colorless oil.
[α] D : −4.1° (c 0.7, CHCl 3 ). IR (NaCl) ν max : 3440 (br), 3019, 2972, 2878, 1715, 1655, 1464, 1218, 1043, 772 5, 6.6 Hz, 3.69 (1H, br quintuplet, J ≈ 4.5 Hz, 3.92 (1H, td, J = 7.5, 3.5 Hz, , 4.02 (1H, dd, J = 8. 5, 6.5 Hz, 5.84 (1H, dd, J = 15.6, 1 Hz, 6.99 (1H, dt, J = 15.6, 7.2 Hz, H-3) (hydroxyl signals were not detected). 13 C NMR (125 MHz, CDCl 3 ): 10.3 (CH 3 , C-10), 25.7 (CH 2 , C-9), 30.7 (CH 2 , C-6), 35.6 (CH 2 , C-4), 38.1 (CH, C-5), 73.1 (CH 2 , C-11), 73.7 (CH, C-8), 81.5 (CH, C-7), 122.2 (CH, C-2), 148.8 (CH, C-3), 170.6 (C, C-1). NMR spectra identical to those of an authentic sample of communiol B.
4-[(3R,5S)-5-[(R)-1-hydroxypropyl]tetrahydrofuran-3-yl)]butanoic acid ( 22)
10% Pd/C (15 mg) was suspended in dry EtOAc (2 mL) and stirred for 10 min. under an atmosphere of H 2 . Acid 21 (53 mg, ca. 0.25 mmol) was dissolved in EtOAc (3 mL) and added via syringe to the catalyst suspension. The reaction mixture was then stirred under H 2 at room temperature for 2 h and filtered through a pad of Celite. Removal of all volatiles in vacuo and column chromatography of the residue on silica gel (EtOAc-MeOH, 9:1) provided acid 22 (51 mg, 96%) as a colorless oil: 5, 8.4, 6.7 Hz, H-6´), 2.18 (1H, br septuplet, J ≈ 7 Hz, H-5), 2.31 (2H, t, J = 7.3 Hz, H-2/2´), 3.32 (1H, t, J = 7.5 Hz, H-11), 3.65 (1H, br quintuplet, J ≈ 4 Hz, H-8), 3.89 (1H, td, J = 7, 3.5 Hz, H-7), 4.01 (1H, br t, J = 7.5 Hz, H-11´) (hydroxyl signals were not detected). 13 C NMR: 10.3 (CH 3 , C-10), 23.4 (CH 2 , C-3), 25.6 (CH 2 , C-9), 31.0 (CH 2 , C-6), 32.5 (CH 2 , C-4), 33.9 (CH 2 , C-2), 39.1 (CH, C-5), 73.5 (CH 2 , C-11), 73.7 (CH, C-8), 81.5 (CH, C-7), 178.1 (C, C-1). NMR spectra identical to those of an authentic sample of communiol A.
